Nitric oxide (NO) was found to inhibit the copper-dependent induction of the yeast CUP1 gene. This effect is attributable to an inhibition of the copper-responsive CUP1 transcriptional activator Ace1. A mechanism is proposed whereby the metal binding thiols of Ace1 are chemically modified via NO-and O 2-dependent chemistry, thereby diminishing the ability of Ace1 to bind and respond to copper. Moreover, it is proposed that demetallated Ace1 is proteolytically degraded in the cell, resulting in a prolonged inhibition of copper-dependent CUP1 induction. These findings indicate that NO may serve as a disrupter of yeast copper metabolism. More importantly, considering the similarity of Ace1 to other mammalian metal-binding proteins, this work lends support to the hypothesis that NO may regulate͞disrupt metal homeostasis under both normal physiological and pathophysiological circumstances. For example, NO generated by vascular endothelial cells is a messenger molecule involved in the maintenance of vascular tone via interaction with the heme enzyme guanylate cyclase (2). Nitric oxide is also involved in central nervous system function, where it serves as an activator of guanylate cyclase (3). Thus, in its role as a mediator of vascular tone and as a signal transduction agent in the central nervous system, NO appears to act primarily by activating guanylate cyclase, leading to increased levels of the cellular messenger cGMP. However, NO generated from activated macrophages during an immune response is thought to have cytotoxic and͞or cytostatic properties against target organisms in a largely cGMP-independent fashion (4). One important cGMP-independent function of NO is as a regulator of cellular iron metabolism (5), as NO has been found to alter the activity of iron regulatory protein, an important protein involved in the maintenance in iron homeostasis (6). It is likely that alterations in metal metabolism elicited by NO may represent an important aspect of its pathophysiology.
N itric oxide (NO) is a molecule of extreme interest because of its numerous physiological functions (for a review, see ref. 1).
For example, NO generated by vascular endothelial cells is a messenger molecule involved in the maintenance of vascular tone via interaction with the heme enzyme guanylate cyclase (2) . Nitric oxide is also involved in central nervous system function, where it serves as an activator of guanylate cyclase (3) . Thus, in its role as a mediator of vascular tone and as a signal transduction agent in the central nervous system, NO appears to act primarily by activating guanylate cyclase, leading to increased levels of the cellular messenger cGMP. However, NO generated from activated macrophages during an immune response is thought to have cytotoxic and͞or cytostatic properties against target organisms in a largely cGMP-independent fashion (4) . One important cGMP-independent function of NO is as a regulator of cellular iron metabolism (5) , as NO has been found to alter the activity of iron regulatory protein, an important protein involved in the maintenance in iron homeostasis (6) . It is likely that alterations in metal metabolism elicited by NO may represent an important aspect of its pathophysiology.
It appears that one important aspect of NO physiology and pathophysiology involves its interactions with protein thiols. That is, the activation and inactivation of thiol-containing proteins by NO are thought to be responsible for some of the biological actions of NO (for reviews, see refs. [7] [8] [9] . Recent and profound discoveries in the yeast Saccharomyces cerevisiae indicate that the intracellular transport, sequestration, and uptake of metals occurs through the actions of many thiol-containing proteins. For example, the yeast copper chaperones Lys7, Atx1, Cox17, and Ccc2 all appear to bind copper via thiol ligation (ref. 10 and references therein). Also, the yeast metallothioneins sequester ''free'' copper by using thiol-rich metal binding domains (11) . Finally, the yeast metal-responsive transcription factors Ace1 and Mac1 are responsible for the expression of a variety of metal regulatory proteins and appear to respond to copper by binding it in an analogous fashion to metallothionein (12) (13) (14) (15) (16) . Considering the known chemical and biochemical interactions of NO and NO-derived species (collectively referred to as NO x and described chemically later) with thiols, it is not unreasonable to suspect that NO may be capable of regulating͞ disrupting yeast metal metabolism by reacting with the metalbinding thiol ligands in proteins. Furthermore, because of the increasing evidence that a high degree of homology exists between the metal metabolizing systems in yeast and mammalian cells, it is likely that effects observed in yeast will serve as a model for similar effects in mammalian cells. Therefore, we have utilized S. cerevisiae to examine specifically the interaction of NO with the thiolcontaining and metal-responsive yeast transcription factor Ace1. The interactions between Ace1 and NO are representative of how NO may effect metal-binding thiol proteins and how this interaction may alter cellular metal metabolism.
Experimental Procedures
Chemicals and Solutions. Diethylammonium-1-(N,N-diethylamino) diazen-1-ium-1,2-diolate (DEA͞NO) was synthesized by the method of Drago and Paulik (17) . Stock solutions of DEA͞NO were prepared in double distilled water (DDW) immediately before use. Diphenylthiocarbazone and o-nitrophenyl-␤-D-galactopyranoside were purchased from Sigma, and bathocuproine disulfonic acid was purchased from Aldrich. The Cu(I)-acetonitrile complex (Cu I (CH 3 CN) 2 ClO 4 ) was synthesized according to the method of Hemmerich and Sigwart (18) . All other chemicals and solutions were purchased from commercial suppliers and were of the highest purity available.
Overnight cultures of each strain was inoculated in yeast extract͞peptone͞dextrose medium or synthetic dextrose medium (SD) supplemented with the appropriate drop-out (OD 600 ϭ 0.1) and were grown at 30°C with shaking (275 rpm) (23) . Late log phase cultures (10 ml, OD 600 ϭ 3-4) were utilized for all experiments unless otherwise noted.
␤-Galactosidase Activity. Decomposed DEA͞NO, made by incubation of DEA͞NO in DDW at room temperature overnight, were used as control solutions. Copper in the SD Ϫura medium was removed by the method of Holmquist (24) by using diphenylthiocarbazone to give SD Ϫura ϪCu. To prevent the contamination by copper of the 217CUP preculture, bathocuproine disulfonic acid (BCS) was used to chelate Cu(I) in the medium. Thus, preculture of 217CUP was performed in 10 ml of SD Ϫura ϪCu containing 100 M BCS. Treatment regimens with DEA͞NO and͞or 2-mercaptoethanol (2-ME) are indicated in the figure legends. To induce the CUP1 promoter-linked ␤-galactosidase activity, the cells were washed with DDW twice and were resuspended with SD Ϫura containing 100 M CuSO 4 . After incubation at 30°C for 0-8 hours with shaking (275 rpm), cells were washed with DDW, were frozen with liquid nitrogen, and were stored at Ϫ80°C until use. The cells were defrosted on ice, and 2 volumes of acid-treated glass beads (0.5 mm diameter) and 2-4 volumes of Z buffer (100 mM NaPi, pH 7͞10 mM KCl͞1 mM MgSO 4 ͞50 mM 2-ME) were added. The mixture was vigorously mixed by vortexing six times for 30 seconds at 1-min intervals. The supernatant was clarified by centrifugation at 15,000 ϫ g for 5 min at 4°C. Enzyme activity was assayed by the general method of Thorvaldsen et al. (25) with slight modifications. In brief, the supernatant of the cell homogenate (5-10 g of protein) was incubated in 1 ml of Z buffer containing 0.63 mg͞ml o-nitrophenyl-␤-D-galactopyranoside at 30°C for 5 min. The reactions were stopped by addition of 0.3 ml of 1 M Na 2 CO 3 , and the absorbance at 420 nm was measured. Protein concentrations were determined by the method of Bradford by using BSA as a standard (26) . Units of ␤-galactosidase are defined as absorbance at 420 nm ϫ 10 3 ⅐min Ϫ1 ⅐mg protein
Ϫ1
.
5Ј-TCGAGAGCGATGCGTCTTTTCCGCTGAACCGTTCCAGCAAAAAAGACTAC-3Ј

3Ј-CTCGCTACGCAGAAAAGGCGACTTGGCAAGGTCGTTTTTTCTGATG-5Ј
Anaerobic Experiments. Late log phase cultures of 217CUP (10 ml) were transferred to 25-ml Erlenmeyer flasks, some of which were equipped with gas tight rubber septa. For the flasks to be made anaerobic, nitrogen gas was swept through the flask headspace, using syringe needles placed through the septa, at 30°C with shaking for at least 30 min. The concentration of oxygen in a representative solution was monitored by using a Yellow Springs Instruments oxygen monitor. When the O 2 in the medium decreased to Ͻ1-2% of the air saturation value, an anaerobic stock solution of DEA͞NO (0 to 1 mM, final concentration) was injected into the flask using a gas tight syringe. The mixture was then incubated at 30°C for 60 min with shaking. Comparative experiments run under aerobic conditions were carried out identically except that the flasks were not swept with N 2 gas and were left open to air. To assure that no NO remained in solution before workup of the anaerobic experiments, solution levels of NO in the flasks were monitored by using a previously described procedure (27) . Thus, anaerobic experiments were worked up only after NO was no longer detected in the reaction solutions. After exposure to DEA͞NO under either anaerobic or aerobic condition, cells were washed with DDW twice and were incubated in SD Ϫura plus 0.1 mM CuSO 4 for 1 hour at 30°C with shaking. Then, ␤-galactosidase activity in the cells was measured as described above.
Electrophoretic Mobility-Shift Assay (EMSA). Yeast cell extraction and EMSA were performed according to the methods of Fürst et al. (13) . KKY7 and 217ACE were grown in 800 ml of synthetic dextrose complete medium (SDC) and SD Ϫleu, respectively. Cells were collected, were pelleted on a clinical centrifuge, and were washed twice with homogenization buffer (0.2 M Tris⅐HCl, pH 8.0͞0.4 M ammonium sulfate͞10% glycerol͞5 mM EDTA͞7 mM 2-ME͞1 mM PMSF). The final pellet was then resuspended with 0.5 packed cell volume of homogenization buffer. The suspensions were vortexed with acid-treated glass beads (0.5-mm diameter) for 5 min at 4°C. After centrifugation at 4°C, an equal amount of saturated ammonium sulfate was added to the supernatant and was incubated on ice for 30 min. The precipitate was collected by centrifugation at 20,000 ϫ g for 30 min at 4°C, and the pellet was resuspended in 20 ml of Na-Hepes (pH 8.0) containing 10% glycerol. The aliquots were stored at Ϫ80°C until use. The copper-dependent upstream activated sequence (UASc) to which Ace1 specifically binds was amplified by PCR using the CLONTECH Advantage -HF PCR kit and YEpCUP-HSER-MlacZ as a template. The 62-bp PCR product was designed to have specific restriction sites, XhoI and SnaB I at each end. The PCR fragment was subcloned into pCR2.1 (Invitrogen), and the sequence was confirmed by using a T7 sequencing primer (data not shown). Large scale preparation of the plasmid was performed by standard methods (28) . After cleaving the plasmid with XhoI and SnaB I, the 50-bp fragment of UASc DNA was separated by using 1.5% agarose gel electrophoresis. Centrifuge tubes (0.6 ml, plastic) were then prepared by perforating a small hole into their bottom with a needle. The bands containing the fragment were then cut out and transferred to the modified 0.6-ml centrifuge tubes. These tubes were then placed into 1.5-ml centrifuge tubes and were centrifuged at 12,000 ϫ g for 10-30 min at 4°C. After centrifugation, to the gel (now in the outer tube) was added an equal volume of neutralized phenol. The mixture was vortexed vigorously to form an emulsion. The emulsion was frozen at Ϫ80°C for 30 min. After defrosting at room temperature, the mixture was then centrifuged at 15,000 ϫ g for 5 min. The aqueous layer was then separated, and the DNA was precipitated by using ethanol. The fragment was confirmed by 12% polyacrylamide gel electrophoresis. The UASc DNA obtained was used for EMSA as a probe. The oligonucleotide has the following sequence:
In the EMSA experiments, Cu I (CH 3 CN) 2 ClO 4 was used to activate Ace1. Stock solutions (1 mM) of Cu I (CH 3 CN) 4 ClO 4 were made just before use by dissolution into 1 M acetonitrile. The Ace1-DNA binding reaction (10 l) contained 0.01 pmol (60,000 cpm) of oligonucleotide labeled with a klenow fragment (Promega) and [␣-32 P]TTP, 0.3 g͞10 l of poly (dI-dC), 10 mM Hepes buffer (pH 8), and 5% glycerol. The treatment regimen for Cu I (CH 3 CN) 4 ClO 4 , thiol compounds, potassium cyanide (KCN), BCS, and DEA͞NO are indicated in the figure legends. After reaction at room temperature, the mixtures were applied onto 6% native polyacrylamide gel and were run at 20 mA for 45-50 min in 25 mM Tris⅐borate (pH 8.3) and 2.5 mM EDTA. The gels were dried on a filter paper and were exposed to x-ray film (Fuji) for 12-24 hours.
Results
To determine the effects of NO on the copper-dependent induction of CUP1, a CUP1 promoter and ␤-galactosidase gene fusion (CUP1-lacZ) reporter was utilized. Addition of CuSO 4 to late log phase cultures of 217CUP resulted in an increase in time-and concentration-dependent ␤-galactosidase activity (data not shown). These results indicate that the reporter gene system for monitoring Ace1 activation and CUP1 induction was operational.
Examination of the effects of NO on CUP1 induction was carried out by using diethylammonium-1-(N,N-diethylamino) diazen-1-ium-1,2-diolate (DEA͞NO, t 1͞2 ϭ 4-8 min under the conditions of our experiments) as an NO donor. Thus, cells were exposed to 1 mM DEA͞NO for 0, 5, 10, 30, and 60 min. After DEA͞NO exposure, cells were washed with DDW and were exposed to CuSO 4 for 1 hour. ␤-galactosidase activity was determined as a measure of CUP1 induction. As shown in Fig. 1A , as little as a 5 min preincubation with 1 mM DEA͞NO resulted in a near complete inhibition of copper-mediated CUP1 induction.
Inhibition of CUP1 induction by NO was also observed with simultaneous exposure of yeast to DEA͞NO and copper. For example, simultaneous exposure of yeast to 1 mM DEA͞NO and 0.1 mM CuSO 4 resulted in near complete inhibition of CUP1 induction even after 2 hours of incubation (data not shown).
Dose-dependent inhibition of copper-mediated CUP1 induction by DEA͞NO was also observed. Yeast were exposed to 0-1 mM DEA͞NO for 10 min followed by a wash with DDW and exposure to 0.1 mM CuSO 4 . Increasing concentrations of DEA͞NO gave increasing levels of inhibition of CUP1 induction (Fig. 1B) . Near complete inhibition of CuSO 4 -mediated CUP1 induction was observed at 0.4 mM DEA͞NO.
The results shown in Fig. 1 A indicated that the NO-mediated inhibition of copper-dependent CUP1 induction persisted for up to 1 hour after 1 mM DEA͞NO administration. Because of the short half-life of DEA͞NO and the instability of NO under the experimental incubation conditions, virtually no NO is present in the incubation solutions after 30 min of exposure to an initial 1 mM DEA͞NO exposure (data not shown). Clearly, NO-mediated inhibition of CUP1 induction persists even in the near absence of NO. To test whether NO inhibition of the copper-dependent induction of CUP1 was reversible at longer times, a long term time course experiment was carried out. Thus, 217CUP cells were exposed to 1 mM DEA͞NO for 10 min, were washed, and were incubated with CuSO 4 for up to 8 hours. ␤-galactosidase activity was determined at 2-hour intervals. One hour after exposure to DEA͞NO, the activity started to increase and recovered to 61% of control after 8 hours (Fig. 2) . This result indicates that NO inhibition of copperdependent CUP1 induction is slowly reversible.
Copper-dependent induction of CUP1 occurs via the activation of the copper-responsive transcription factor Ace1. Thus, Ace1 is a likely target for the actions of NO in inhibiting copper-dependent CUP1 induction. To evaluate whether interaction of NO with Ace1 is responsible for the inhibition of copper-mediated CUP1 induction by NO, the effect of DEA͞NO on the binding activity of Ace1 to the CUP1 upstream activating sequence, UASc DNA, was examined by using an electrophoretic mobility-shift assay (EMSA). As shown in Fig. 3A , lane 5, an Ace1 adduct with UASc DNA forms in the presence of 0.1 mM Cu(I), and, as expected, copperdependent Ace1-UASc DNA adduct formation is inhibited by the copper binding agents KCN and BCS (lanes 3 and 4) and is absent in the ace1⌬ mutant (lane 2). The multiple bands observed in the EMSA study have been seen in other studies as well (13) and are, as yet, unidentified. Identification of the Ace1-UASc DNA adduct was based on the following observations; (i) only one band is both copper-and Ace1-dependent, (ii) the Ace1-UASc DNA-assigned band was the only one to exhibit a Cu(I) concentration-dependent binding to UASc that reached a binding plateau at 50 M Cu(I) (data not shown), (iii) the presence of this band was completely inhibited in the presence of either 0.5 mM KCN or 0.5 mM BCS, (iv) incubation of UASc with the cell extract from ace1⌬ complete delete mutant in the presence of Cu(I) showed no band at the assigned position.
After validation of the EMSA assay, the effect of NO on the copper-dependent binding of Ace1 to UASc DNA was examined. As shown in Fig. 3B , NO was found to inhibit the copper-dependent binding of Ace1 to the UASc DNA. Under the conditions of this experiment, inhibition of the binding of Ace1 by DEA͞NO was observed at DEA͞NO concentrations between 1 and 2 mM (Fig.  3B, lanes 2 and 3) . At a concentration of 4 mM DEA͞NO and above, near complete inhibition of Ace1 binding was observed (Fig.  3B, lanes 4 and 5) . The inhibition of Ace1 binding by DEA͞NO was attributable to NO because decomposed DEA͞NO (4 mM) exhibited no effect (Fig. 3B, lane 6) .
Copper binding to Ace1 occurs through thiol ligation. The N-terminal region of Ace1 has been shown to bind four Cu(I) ions through eight cysteine thiols. Thus, Ace1 thiol modification by NO, and NO-derived species, may be responsible for the observed inhibition of activity. To test this idea, the inhibition of copperdependent Ace1 activity by NO was examined by using exogenously added 2-mercaptoethanol (2-ME). 2-ME was chosen because other thiols, such as N-acetyl cysteine or DTT, altered the copperdependent activity of Ace1 when added to cells. Exposure of 217CUP cells to DEA͞NO in the presence of 10 mM 2 ME showed no inhibition of copper-dependent CUP1 induction. Thus, 2-ME is capable of blocking NO-mediated inhibition of copper -dependent Ace1 activation. However, treatment of cells with 10 mM 2-ME after exposure to DEA͞NO did not reverse the inhibition of CUP1 induction (Fig. 4A) . These results indicate that 2-ME can protect against NO-mediated inhibition of Ace1, if present at the time of NO exposure. However, 2-ME added after exposure to NO was incapable of reversing NO-mediated inhibition of Ace1.
The effect of thiols on NO-mediated inhibition of Ace1 activity was further examined by using the EMSA system described previously. As observed earlier (Fig. 3B ), 4 mM DEA͞NO completely blocked the binding of Ace1 to UASc DNA (Fig. 4B, lane 1 vs. lane  2) . Interestingly, 2-ME (10 mM) alone slightly enhanced the binding of Ace1 to UASc DNA (Fig. 4B, lanes 3 and 5 versus lane 1) . This may be attributable to either an increase in reduced copper or 2-ME-mediated reduction of metal-binding oxidized Ace1 thiols. Under the conditions of this experiment, 10 mM 2-ME also prevented inhibition of Ace1 binding activity by DEA͞NO when the cell preparations were exposed to DEA͞NO simultaneously with the thiol compound (Fig. 4B, lane 4) . However, treatment with 10 mM 2-ME after exposure to DEA͞NO partially reversed the effect of NO (Fig. 4B, lane 6) . Thus, inhibition of Ace1 binding to CUP1 by NO using this in vitro assay could be partially reversed by the addition of 2-ME (as measured by EMSA).
It is essential to note that there are important differences between the EMSA and reporter gene systems used to elucidate the effects of exogenous thiols on NO-mediated inhibition of Ace1 activity. The experiments involving the use of a reporter gene to monitor CUP1 induction (Fig. 4A) , required an extensive (1 hour) incubation of whole cells after the exposure to DEA͞NO for 10 min. This is required to allow time for ␤-galactosidase expression. However, the EMSA experiments (Fig. 4B ) required only a 10-min incubation of cell homogenates after a 10-min exposure to DEA͞ NO. Furthermore, the EMSA experiment was carried out in the presence of a protease inhibitor. Thus, Ace1 degradation as a result of NO exposure is possible in the reporter gene assay and less likely in the EMSA study (discussed in more detail later).
The above results implicate an interaction between NO and thiols in the NO-mediated inhibition of Ace1 activity. Much of the potential chemistry of thiol modification by NO is known to depend on molecular oxygen (O 2 ) (discussed later). To test the idea that NO-O 2 chemistry leads to the modification of Ace1 thiols, leading to subsequent loss of copper-dependent activation, the O 2 -dependency of the inhibitory effect of DEA͞NO on CUP1 induction was examined. Under aerobic conditions, dosedependent inhibition of CUP1 induction by DEA͞NO was observed, and 0.4 mM of DEA͞NO completely inhibited the induction (Fig. 5) . Much less inhibition by DEA͞NO was ob- To the mixtures were added 10 mM 2-ME either during (lanes 3 and 4) or after (lanes 5 and 6) exposure to DEA͞NO, and they incubated for 10 min. The EMSA was performed as described in Experimental Procedures. Representative experiments are shown. served under anaerobic conditions in which 0.4 mM DEA͞NO showed no significant inhibition and even 1 mM of DEA͞NO inhibited significantly less compared with aerobic conditions (Fig. 5) . Thus, the majority of inhibition of CUP1 induction by NO clearly occurs in an oxygen-dependent manner.
Discussion
One of the many important aspects of nitrogen oxide physiology is their potential interaction with thiols and thiol-containing proteins. It is likely that modification of the actions of thiol functional groups in proteins by NO x species represents both normal physiological and potential pathophysiological occurrences. The importance of thiol proteins to metal metabolism (i.e., the transport, sequestration, uptake, and utilization) is well established, especially in the yeast S. cerevisiae. Thus, it would not be unexpected to find that NO could alter or disrupt metal metabolism in yeast by interacting with these thiol-containing proteins. One of the many metal regulatory proteins in yeast that utilize thiols to ligate metals is the copperresponsive transcriptional activator Ace1. In S. cerevisiae, Ace1 acts as a sensor for intracellular copper. Under conditions of high concentrations of copper, Ace1 up-regulates gene expression for CUP1 (12, 13) , CRS5 (29) , and SOD1 (30). Cup1, a yeast metallothionein, plays an important role in copper detoxification, presumably because of its ability to sequester copper. Sod1 may also be involved in copper sequestration because the mammalian homologue of Cu, Zn-superoxide dismutase has been reported to have a role in copper buffering. However, Cup1 is thought to be the dominant protein for protection against copper toxicity because CUP1 delete mutants are extremely sensitive to copper toxicity (31) . Furthermore, an ACE1 gene delete mutant, ace1⌬, has been shown to be extremely sensitive to copper, indicating that the CUP1 and Ace1 pathway is essential for copper resistance (32) .
Herein, we observed that exposure of the yeast S. cerevisiae to the NO-donor DEA͞NO resulted in a dramatic and rapid inhibition of the activity of the metal-responsive transcription factor Ace1 (Fig.  1) . DEA͞NO is representative of a class of NO-donor referred to as the NONOates and are the most kinetically and chemically defined NO-donors available (33) . Evidence implicating Ace1 as the target for the actions of NO in inhibiting CUP1 induction was obtained by using EMSA to monitor the effect of NO on Ace1 binding to UASc DNA (Fig. 3) .
Ace1 binds copper through eight cysteinyl thiols to form a tetracopper cluster that is similar to the copper-thiol cluster in metallothionein (34, 35) . Significantly, metal release from metallothionein by NO has been reported and is thought to be attributable to S-nitrosation of the cysteine thiols (36, 37) . Thus, considering the reported similarity between Ace1 and metallothionein and the previous observation that NO was capable of releasing metals from metallothionein, it was not surprising that NO was able to inhibit the activity of Ace1. Analogous to metallothionein, the mechanism of inhibition of Ace1 by NO was likely to be the result of modification of the copper-binding thiol residues on the protein. Further indication that the thiols of Ace1 are the targets of NO action, 2-ME was able to protect Ace1 from NO-mediated inactivation (Fig. 4) .
Thiol modification by NO can occur via an oxygen-dependent generation of reactive nitrogen oxides such as dinitrogen trioxide (N 2 O 3 ) (reactions 1-3) (38) (39) (40) (41) . Nitrogen dioxide (NO 2 ) has also been proposed to be capable of oxidizing thiolate species as well (ref. 42 and references therein). Thus, N 2 O 3 and NO 2 constitute possible NO x species referred to throughout this paper.
It has also been proposed that thiols can directly react with NO to generate an adduct that subsequently reacts with O 2 to give O 2 Ϫ and the corresponding S-nitrosothiol (43) (reactions 4 and 5).
Regardless of the exact mechanism, S-nitrosothiol formation from exposure to NO is O 2 -dependent. However, thiol modification by NO can also occur anaerobically, although this is a relatively slow reaction (of questionable physiological relevance) and will not generate an S-nitrosothiol product. For example, reaction of thiols with NO under anaerobic conditions can lead to the generation of disulfide products and reduced nitrogen oxides (44, 45) . From our results, it appears that the mechanism of inhibition of Ace1 activity by NO primarily involves an O 2 -mediated process (Fig. 5) . This finding implicates S-nitrosothiol formation in the mechanism of NO inhibition of Ace1 activity. Previous studies on S-nitrosothiol stability indicate that they can be converted to disulfides when exposed to other thiols (reaction 6) (47).
RS-NO
Thus, inhibition of thiol protein activity by NO can result from thiol conversion to either an S-nitrosothiol or a disulfide. Regardless of whether the inhibition of Ace1 activity by NO was caused by conversion of the metal-binding thiols to S-nitrosothiols or disulfides, addition of an exogenous reducing thiol (such as 2-ME) after NO exposure should reverse the inhibition by NO by converting the oxidized protein thiols back to the reduced forms. Interestingly, this was found not to be the case in in vivo (whole cell preparations) when CUP1 induction was measured by using a reporter gene (Fig. 4) . However, in in vitro (cell homogenates) EMSA studies that measured the actual binding of Ace1 to the CUP1 promoter, 2-ME was capable of partially reversing the NO-mediated inhibition (Fig. 4) . A reasonable explanation for this apparent discrepancy is that in vivo modification of Ace1 thiols leads to complete demetallation that, in turn, results in a proteolytic instability of the apo-Ace1 protein. This is not unreasonable because it has been shown that apo-Ace1 is more sensitive to proteolysis than the Cu-Ace1 and Cu-Ace1-DNA complexes (13, 46, 47) . Metallothionein is also known to exhibit similar proteolytic instability when demetallated (for example, see refs. 48 and 49) . If, indeed, NO-mediated demetallation leads to proteolytic degradation and complete loss of constitutive Ace1 protein, it may be expected that Ace1 activity could return via de novo synthesis once NO dissipates. This appears to be the case as Ace1 activity began to slowly return after 1 hour (Fig. 2) . Significantly, it has been suggested that Ace1 has zinc (II) in the copper binding domain under conditions of low copper (49) , which may protect Ace1 from proteolytic degradation at low copper concentrations. Thus, it was likely that demetallation of Ace1 by NO involved the loss of both copper and zinc from the metal binding domains before its proteolytic degradation. In the in vitro EMSA studies, however, there was less likelihood of apo-Ace proteolytic degradation because of the shorter timescale of the experiment, the addition of a protease inhibitor, and the semipurified nature of the Ace1 preparation. Thus, the inhibition of Ace1 DNA-binding activity by NO was partially reversed by the addition of the exogenous thiol, 2-ME.
Because of the fact that no Ace1 homologue has yet to be discovered in mammalian systems, the relevance of this work to mammalian physiology may not be immediately obvious. However, Ace1 is representative of a series of metal binding thiol proteins, in both yeast and human, that are involved in metal metabolism (for review, see ref. 50 ). For example, the yeast copper chaperones Cox17 (51), Lys7 (52) , and Atx1 (53) and the intracellular copper transporters Ccc2 (54) and Sco1 (55) have all been shown to have copper-thiol clusters and may also be susceptible to NO-mediated disruption. Many of these yeast proteins have mammalian homologues. The yeast Ccc2, Atx1, Lys7, and Cox17 all have homologous human proteins (Wilson disease protein, HAH1, CCS, and human COX17, respectively) (for reviews, see refs. 50, 56, and 57). Thus, it would not be surprising to find that NO is capable of disrupting metal metabolism in human cells by altering the metal-thiol interactions of these proteins in an analogous fashion to that found here for Ace1. Moreover, the ability of exogenous thiols to protect this type of disruption implicates physiologically relevant thiols, such as glutathione, as being important for the maintenance of the actions of these proteins in the presence of NO.
The effect of NO on metal metabolism and metal-responsive systems has also been examined previously by others. For example, Hibbs and coworkers found that NO can dramatically alter the iron status of cells by disrupting Fe-S cluster proteins (for example, see ref. 58) . Similarly, it has been reported that NO x species are capable of disrupting the Fe-S-containing iron response protein, altering its activity (59) . Interestingly, the interaction of NO with iron-response proteins resembles that elicited by iron deficiency (60, 61) . As mentioned previously, metallothionein can be demetallated by NO, which could result in a disruption of heavy metal homeostasis and toxicity (36, 37) . Finally, gene expression can be altered by NOmediated destruction of zinc finger proteins (37, 62) . In all of these cases, NO is disrupting the specific interactions of thiol (or sulfur) ligands with a metal. It remains to be seen whether metal binding thiols represent a class of biological thiols that are particularly susceptible to alteration via NO-mediated chemistry. Regardless, it is clear that a potential role for NO in both normal physiology and pathophysiology may be as a regulator͞disrupter of metal metabolism via its interactions with metal bonding proteins.
As is evidenced by this work, the yeast S. cerevisiae represents a valuable tool for identifying and characterizing possible effects of NO on metal metabolism and metal-dependent transcription. It should be emphasized that it remains to be established whether the effects of NO in the yeast model are relevant to mammalian systems. Homologous pathways in mammalian cells and yeast, however, would predict that yeast will serve to establish possible targets for NO activity. Regardless, the observed effects of NO on metal-thiol proteins in yeast point to a physiological target in mammalian cells worthy of further investigation.
